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[1] Between 24 March and 5 June 2010, the Hyperion hyperspectral imager and Advanced
Land Imager (ALI) on NASA’s Earth Observing 1 (EO-1) spacecraft obtained an
unprecedented sequence of 50 observation pairs of the eruptions at Fimmvörðuháls and
Eyjafjallajökull, Iceland. This high acquisition rate was possible only through the use of
data flow streamlined by using the autonomously operating NASA Volcano Sensor Web
(VSW). The VSW incorporates notifications of volcanic activity from multiple sources to
retask EO-1 and process Hyperion data to extract eruption parameters from high spatial and
spectral resolution visible and short-wavelength infrared data. Physical changes in eruption
style and magnitude were charted as the eruptions ran their course. Rapid data downlink
and automatic data-processing algorithms generated a variety of products which are
compared with estimates from ground-based observations and post-eruption in situ
measurements. Estimates of effusion rate from heat loss measurements underestimate
actual effusion rate (while still following broad eruption rate trends) but are closer to in situ
estimates for effusive eruptions (Fimmvörðuháls) than explosive, ash-rich eruptions
(Eyjafjallajökull). During the later stages of the 2010 eruption, VSW-generated products
were rapidly delivered to end-users in Iceland to aid in the assessment of risk and hazard.
The success of the VSW led to Icelandic Meteorological Office (IMO) in situ sensors
being incorporated into the VSW, and in May 2011 an IMO seismic alert autonomously
triggered EO-1 observations of a new eruption at Grímsvötn volcano. Finally, the VSW
demonstrates an autonomy-driven, multi-asset, spacecraft retasking and data processing
system that maximizes science return, a desirable capability for future NASA missions.

Citation: Davies, A. G., S. Chien, J. Doubleday, D. Tran, T. Thordarson, M. T. Gudmundsson, Á. Höskuldsson,
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1. Introduction

[2] The 2010 flank and summit eruptions at the
Eyjafjallajökull volcano, Iceland, were of modest size by
Icelandic standards and by volume erupted [e.g.,Gudmundsson
et al., 2012]. With a VEI (Volcano Explosivity Index) of 3,
the larger, more explosive summit eruption still places rela-
tively low on the eruption magnitude scale. Nevertheless,

the resulting ash plume from the summit eruption in April
2010 posed a serious threat to aviation and led to the closure
of a broad swath of European airspace.
[3] As with all volcanic eruptions, speed is of the essence in

order to assess volcanic hazard and risk [Tilling, 1989]. The
NASA Volcano Sensor Web (VSW) [Chien et al., 2005a;
Davies et al., 2006b] utilizes detections of ongoing volcanic
activity, commonly from reports of volcanic plumes or detec-
tions of anomalous thermal emission, to autonomously and
rapidly retarget a spacecraft in Earth orbit to obtain high
spatial and high spectral resolution visible (VIS) and short-
wavelength infrared (SWIR) observations of the ongoing vol-
canic activity. In this way, observations from globe-spanning
low spatial resolution instruments can be used to schedule
the rapid acquisition of data from high spatial resolution assets
that only cover a tiny proportion of Earth’s surface every day.
[4] The VSW uses advanced spacecraft autonomy software

(the Autonomous Sciencecraft software [ASE]) and auto-
mated data processing for optimizing spacecraft responses to
notifications of ongoing or imminent volcanic eruptions.
From such a notification, an orbiting asset (NASA’s Earth
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Observing 1 [EO-1] spacecraft) can be rapidly retasked to
obtain high spatial and spectral resolution observations of the
volcano. Data are rapidly downlinked, processed, and ana-
lyzed, and the resulting products are quickly disseminated to
relevant authorities [Chien et al., 2005a;Davies et al., 2006b].
[5] Taking full advantage of recent improvements in

mission operations, resource planning and data processing,
EO-1 obtained an unprecedented 50 observation pairs (from
the Hyperion hyperspectral imager and Advanced Land Im-
ager [ALI] on EO-1) of Fimmvörðuháls and Eyjafjallajökull
between 24 March 2010 and 5 June 2010. This paper charts
the evolution of the 2010 eruptions at Eyjafjallajökull
volcano, Iceland, as seen by EO-1. We compare estimates
of effusion rate from Hyperion radiance data with estimates
from observations and measurements on the ground, and we
describe, in Appendix B, how in situ sensors on Iceland’s
volcanoes have been linked into the VSW, thus enabling au-
tonomous and rapid spacecraft triggering from notifications
of impending volcanic activity.

2. The 2010 Eruption of Eyjafjallajökull

[6] Eyjafjallajökull volcano, Iceland, is a 1651-m-high
central volcano crowned by a 2.5-km-diameter caldera and
an icecap covering the slopes above 1000m elevation
[Thordarson and Larsen, 2007]. Eyjafjallajökull is located
within the Eastern Volcanic Zone (EVZ), which is a young
(<3Myr) propagating rift extending southwest from the

main axial rift in Iceland (Figure 1). Previous historical erup-
tions at Eyjafjallajökull include a radial fissure eruption
around A.D. 920 and small summit eruptions in A.D. 1612
and A.D. 1821–1823 [Larsen, 1999; Óskarsson, 2009]. In
the latter event, a short explosive phase in December 1821
was followed by a yearlong period of intermittent explosive
to effusive activity and flooding [e.g., Larsen, 1999].
[7] Eyjafjallajökull erupted from 20 March to 12 April

2010 (a flank eruption) and again from 14 April to 22 May
2010 (a summit eruption). Although the eruptions were of
small to moderate size, the ash produced during the latter
eruption formed and maintained a 5–10-km-high eruption
plume for several days at a time. These columns were subse-
quently dispersed by a southeasterly-flowing jet stream
toward Europe. This ash heavily impacted air travel across
much of Western Europe and wrought havoc on the global
air transportation system. This eruption highlighted, once
again, the need to monitor and quickly react to the onset of
new eruptions. As a result of fast action by European mete-
orological offices and aviation authorities, no airplanes were
lost due to the ingestion of volcanic ash.
[8] After a prolonged period of unrest at Eyjafjallajökull,

beginning in 1994 and peaking in the early months of
2010 [Sigmundsson et al., 2010], a small flank eruption of
alkali-basalt began at 23:30 UT on 20 March 2010 in the
region of the Fimmvörðuháls pass, which is the saddle be-
tween the Eyjafjallajökull and Mýrdalsjökull volcanoes.
This eruption took place along a 300-m-long radial fissure

Figure 1. Inset image: tectonic setting of Iceland, showing main volcanic zones (solid lines), fracture
zones, and seismic belts (dashed lines). Key: RR=Reykjanes Ridge; RVB=Reykjanes volcanic belt;
WVZ=west volcanic zone; SISZ = South Iceland Seismic Zone; EVZ= east volcanic zone; ÖVB=Öræfi
volcanic belt; NVZ= north volcanic zone; TFZ=Tjörnes Fracture Zone; KR=Kolbeinsey Ridge;
SVB=Snæfellsnes volcanic belt. After Figure 1.2 in Thordarson and Höskuldsson [2006]. Main image:
Detail of the 2010 eruption locations, showing the approximate locations of Eyjafjallajökull and the fissures
at Fimmvörðuháls. Also shown are the locations of Icelandic Meteorological Office and Institute of Earth
Sciences (University of Iceland) sensors which monitor these volcanoes. “SIL” refers to the Iceland National
Seismic Network. Image credit: Ingibjörg Jónsdóttir, Institute of Earth Sciences, University of Iceland.
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featuring a curtain of fire consisting of 15 lava fountains
reaching heights up to 185m [Edwards et al., 2012;
Thordarson et al., 2011]. By 24 March, the fountains were
<100m high, emerging from four vents. On March 31, the
activity was characterized by relatively weak fountaining
through a forcefully stirring pool of lava. The vents were
surrounded by 60- to 80-m-high ramparts, and the level of
lava stood at approximately 30m above the pre-eruption sur-
face. This high stand led to opening of a new fissure trending
northwest from the mid-section of the original fissure. As
activity on the new fissure intensified, the discharge from
the original fissure declined and stopped by 7 April. The lava
flow field was dominantly a’a with small domains of
pahoehoe and slabby pahoehoe. Advance of lava from the
vents was episodic, and lava was discharged from the vents
through open channels as well as internal pathways. Open
channels were the visible part of the transport system, feed-
ing lava to active a’a flow fronts and producing spectacular
lava falls when cascading into nearby gullies. Internal
pathways were less conspicuous yet made an important
contribution to the overall growth of the flow field, particu-
larly the near-vent sector, as it thickened the lava by inflation
and fed significant surface breakouts emerging from
apparently stagnant lava sectors. When activity ceased on
12 April, the lava covered 1.3 km2. The eruption produced
20� 106m3 of basalt, with a mean discharge rate of
10m3 s�1 [Edwards et al., 2012; Gudmundsson et al., 2012].
[9] Activity then shifted to Eyjafjallajökull. On 14 April

2010, activity began at the summit of Eyjafjallajökull and
lasted to 22 May. In total, the summit eruption expelled
0.27 km3 of airborne tephra, smaller amounts of water-
transported tephra, and a lava flow. The magma composition
was benmoreite to trachyte, and the dense rock equivalent of
all of the erupted material was 0.18 km3 [Gudmundsson
et al., 2012]. The course of events is described in detail by
Gudmundsson et al. [2012], and the summary of events
given below is based on their work.
[10] On 13 April, an intensive earthquake swarm was

detected migrating toward the surface beneath the summit
region. The eruption began at ~1:30 UT on 14 April. The
eruption can be divided into four distinct phases. The initial
phase (first explosive phase: see Gudmundsson et al. [2012])
(14–18 April) featured phreatomagmatic and magmatic
explosions producing ash plumes that reached Europe. The
eruption began subglacially, with a substantial portion of
the energy of the eruption used for melting the 200-m-
thick ice on 14–15 April: ice cauldrons formed, and meltwa-
ter drained down the slopes [Magnússon et al., 2012].
Subaerial activity was first detected when a white, steam-
loaded eruption plume rose from the summit at 06:00 h UT
on 14 April. The steam-rich plume grew during the rest of
14 April. A tephra-laden (dark gray) plume appeared at
~18:30 h UT, by which time the plume had reached an alti-
tude of 9–10 km. Plume-forming activity continued until
early on 15 April, producing very fine ash. Ice melting rates
were 1000–3000m3 s�1. Four jökulhlaups subsequently
developed with primary discharge down the outlet glacier
Gígjökull on the northern flank (Figure 1). The estimated
magma eruption rate during this initial phase was
5–10� 105 kg s�1. On 15 April, a new crater opened up
0.5 km northwest of the initial main vent. The new vent
gradually became the center of activity. This shift in activity

was accompanied by an initial drop in plume height and
much reduced ash fallout. Vigorous explosive eruption
activity picked up again and continued on 16 and 17 April.
During 17 April, northerly winds carried the plume directly
south. Ash clouds produced on 14–17 April spread to
Western Europe, causing widespread closure of airspace.
By 18 April, the vigor of the eruption had subsided signifi-
cantly, marking the onset of the second phase (low-discharge
effusive phase), which featured ~15 days of effusive activity
with some weak explosive activity yielding minor tephra pro-
duction. Lava emerged from the main vent on 21 April and
advanced north along the path of the Gígjökull outlet glacier.
During this period, the magma effusion rate mostly ranged
from 0.1� 105 kg s�1 to 1.1� 105 kg s�1. Deep earthquakes
detected in the first days of May signaled renewed injection
of magma into the volcano plumbing system; at the same time,
effusion of lava came to a halt. On 5 and 6 May, the vigor of
the explosive activity intensified, signaling the onset of the
third phase (second explosive phase), which produced 8- to
10-km-high eruption columns and ash plumes that again
reached Europe. The magma eruption rate during the third
phase is estimated at 3–10� 105 kg s�1. The final phase began
on 18 May, when the eruption intensity declined significantly
and continued on that path until cessation of sustained
eruption on 22 May, after 39 days of continuous activity.
Minor explosions involving small amounts of magma took
place on 4 to 8 June, and a single, small explosion occurred
on 17 June. Steam emission continued for months following
the eruption.

3. The Volcano Sensor Web

[11] Having described the phases of the 2010 eruption, we
now examine the assets used to observe it remotely under
the auspices of the VSW. The Volcano Sensor Web has fully
automated the process of retasking a spacecraft (EO-1) to
obtain observations of volcanic eruptions [Davies et al.,
2006a]. The spacecraft control system is triggered by detec-
tions of ongoing volcanic activity from other sources
(Table 1), some of which are automated themselves.
Triggers leading to requests for EO-1 observations fall into
three categories; (a) spacecraft-based, (b) in situ, and (c)
other observational triggers. Originally envisioned as a test
bed to demonstrate autonomous spacecraft and sensor web
applications for planetary exploration [Chien et al., 2006],
the streamlined spacecraft command and control and
resource allocation system has proved highly valuable for
observing dynamic processes on Earth, including volcanic
eruptions, earthquake damage, flooding (e.g., Mississippi
River, 2011), wildfires [Chien et al., 2011], and tsunami
damage (Sumatra, 2004; Tohoku earthquake, 2011). EO-1
can now be retasked with a few key-strokes, a process that
in 2003 took approximately 3weeks.
[12] Since its inception, the VSW has grown to include trig-

gers from a broad range of resources. Between May 2004 and
February 2011, the VSW/Autonomous Sciencecraft yielded
3656 EO-1 observations of volcanoes around the world.
Volcanoes and number of observations per volcano are shown
in Figure 2. VSW volcanic activity triggers and subsequent
data flow are illustrated in Figure 3.
[13] The VSW has supplied data at short notice in some-

times critical situations where remote-sensing data provided
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Figure 2. Observations of volcanoes obtained by EO-1 from May 2004 to February 2011. The most obser-
vations (550) were obtained of Erebus volcano, Ross Island, Antarctica. The high latitude of Erebus coupled
with the high inclination of EO-1’s orbit means that there are many more opportunities to image this volcano
than for targets close to the equator [Davies et al., 2008a]. Other frequently observed volcanoes include Mount
St. Helens, U.S. (171 observations); Erta’Ale, Ethiopia (75 observations); and Etna, Italy (75 observations).
Fifty observations of Fimmvörðuháls and Eyjafjallajökull were obtained between March and June 2010.

1. System trigger

VSW Resource Planner
- SEM
- CASPER  

Automatic Data Processing
- Systematic processing to L1R, L1G

Automatic Generation of Products
- Extraction of eruption parameters

Posting of results
- online
- email to selected users

2. System response 3. Orbiting asset 4. Ground-based workflow

Spacecraft Data Processing 
Systems
- MODIS (MODVOLC, UH)
- GOES (GOESVolc, UH) *

Volcanic Ash Alerts
- VAAC
- USAF (AFWA)

Other sources
- Email 
- Broadcast news
- Other media
- etc.

Ground sensor nets
- MEVO
- IMO
- CVO *
- HVO *
- SO2 monitors  *

EO-1 spacecraft
- Hyperion
- ALI

Processing of data (ASE)

Rapid downlink of data
- Onboard products
- Raw data

* Triggering from this source not currently active

Figure 3. Data flow through the Volcano SensorWeb. Individual components are described in the text. The
left-hand portion of the figure deals with system triggers. VSW triggers come from a variety of sources, in-
cluding applications processing spacecraft data and volcanic ash alerts. The resource management system
processes the alerts, prioritizes targets, and inserts observations into the EO-1 operational timeline. Data thus
obtained can be processed onboard EO-1, but all data are now downlinked and processed on the ground as
described in the text. Products are posted on a website and alerts e-mailed to interested parties. The entire pro-
cess is autonomous. Successful detection of volcanic activity can be used to trigger requests for additional
observations via the Science Event Manager (SEM) and Continuous Activity Scheduling Planning Execution
and Replanning (CASPER) application. Key: UH=University of Hawai’i (Honolulu, HI); CVO=Cascades
Volcano Observatory (Mt. St. Helens volcano); HVO=Hawai’i Volcano Observatory (Volcano, HI);
MEVO=Mount Erebus Volcano Observatory (New Mexico Tech., Socorro, NM); IMO= Icelandic Meteo-
rological Office; VAAC=Volcanic Ash Advisory Centers; USAF (United States Air Force) AFWA (Air
Force Weather Advisory); EO-1=Earth Observing 1; ASE=Autonomous Sciencecraft software (on EO-1);
ALI=Advanced Land Imager (on EO-1). The SO2 monitors were small, self-contained units placed on Kilauea
volcano, HI, to demonstrate autonomous, two-way sensor/spacecraft triggering [Boudreau et al., 2007]. After
Davies et al. [2006b].
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the only means of assessing volcanic risk and hazard. The
best example of this was during the eruption of Nyamuragira
volcano, Democratic Republic of Congo, in November
2006, described in Davies et al. [2008b].
[14] The streamlining of EO-1 operations resulting from

implementation of ASE and VSW software meant that when
Eyjafjallajökull erupted it was possible to quickly retask the
spacecraft. A sequence of EO-1 observations at unprece-
dented temporal resolution was obtained over the duration
of the eruption. We report on the analysis of these observa-
tions in this paper.

4. EO-1 and Spacecraft Autonomy

[15] Before describing the observations of the
Eyjafjallajökull eruption, we now briefly describe the orbiting
asset of the VSW, the EO-1 spacecraft, and the instruments
and software onboard.

4.1. EO-1 Spacecraft

[16] The NASA New Millennium Program’s EO-1 was
launched on 21 November 2000 into a highly inclined
(98.2�), sun-synchronous, circular orbit at an altitude of
705 km. Target repeat time for daytime nadir observations
is 16 days. The ability to point the spacecraft across-track

allows targets to be imaged from adjacent tracks to the east
and west [Davies et al., 2008a]. If the number of accessible
adjacent tracks to the east and west is two, then this enables
up to 10 observations of a target every 16 days (five during
the day on descending tracks and five at night on ascending
tracks). For high-latitude targets (above �70�), the number
of adjacent tracks from which a target can be imaged
increases markedly [Davies et al., 2008a]. Onboard EO-1
are two imagers, Hyperion and ALI, and the Autonomous
Sciencecraft software (ASE) [Chien et al., 2005b; Davies
et al., 2006a; Doggett et al., 2006; Ip et al., 2006].

4.2. Hyperion Hyperspectral Imager

[17] The hyperspectral Hyperion imaging spectrometer on
EO-1 is described by Pearlman et al. [2003]. Hyperion has
220 discrete usable bands covering 0.4 to 2.5 mm with a
spectral resolution of 10 nm. This spectral range makes
Hyperion an ideal instrument for detecting the heat from
the hottest areas (>500K) of ongoing volcanic activity
[Davies et al., 2006a]. A Hyperion observation swath is
7.7 km (256 pixels at 30m/pixel) wide and can be up to
185 km long. Examples are shown in Figure 4 (details of
the physical volcanic eruptions seen here are given below).
Radiometric correction of Hyperion data is described by
Beck [2003].

Figure 4. Hyperion data obtained on 1 April 2010 of the eruption at Fimmvörðuháls. (a–c) Data
obtained during the day (11:52.38 UT) and (d–e) data obtained the following night (21:30:12 UT).
Figure 4a is constructed from visible wavelength data, using band 28 (0.630 mm) for the red channel, band
20 (0.549 mm) for the green channel, and band 13 (0.478 mm) for the blue channel. Figure 4b shows band
110 (1.245 mm), where the location of the hottest lava surfaces become apparent. Figure 4c, band 210
(2.254 mm), reveals the complex distribution of hot pixels resulting from a mixture of lava fountaining
from the active vents and open channel flow in the lava flow field. See also Figure 7. Figure 4d is band
110 (1.245 mm). Figure 4e is band 210 (2.254 mm).
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4.3. ALI (Advanced Land Imager)

[18] The EO-1 ALI is a multispectral instrument with 10
bands covering 0.4 to 2.4 mm. The PAN (panchromatic)
band covers 0.48–0.69 mm at a resolution of 10m/pixel.
The other nine bands cover the visible and near-infrared to
the SWIR with data at a spatial resolution of 30m/pixel.
ALI data are collected in four swaths covering an area
37 km wide and 42 to 185 km in length. An example of part
of an ALI observation is shown in Figures 5 and 6. ALI pro-
vides a wider image than Hyperion, so ALI data are especially
useful for examining larger-scale eruption products (such as
the extent of ash deposits) and for estimating the heights of
volcanic plumes in observations where the highest part of
the plume and its shadow can be seen [Glaze et al., 1999].

4.4. Autonomous Sciencecraft (ASE) Software

[19] ASE is software that allows autonomous spacecraft
command and control, resource management, and onboard
analysis of Hyperion data to detect a wide range of ongoing
dynamic processes. ASE is described in detail elsewhere
[Chien et al., 2005b; Davies et al., 2006a; Doggett et al.,
2006; Ip et al., 2006]. For the purpose of monitoring volcanic
activity, ASE includes a Hyperion data onboard processing

capability to flag anomalous high-temperature (>460K) areas
using an algorithm called THERMAL_CLASSIFIER [Davies
et al., 2006a]. From 2004 until 2008, data of only these ther-
mally active areas were preferentially and rapidly returned to
the ground for additional autonomous processing, often
within 30min after acquisition, and ASE could retask EO-1
to obtain further observations. Recent improvements in data
transmission mean that now the full Hyperion data sets are
autonomously processed with THERMAL_CLASSIFIER on
the ground typically within 2–4 h of acquisition, although
the onboard capability still remains.

5. Hyperion Data Analysis

[20] Hyperion high-temperature volcanic thermal emis-
sion data are fitted with a “one size fits all” work flow.
Raw Hyperion radiance data (level L0 data) are first radio-
metrically corrected (see description in Doggett et al.
[2006]). Corrections to radiance are made for space-
craft viewing angle and distance to target. The Hyperion
data-processing chain processes all of the raw Hyperion data
to Level 1R (radiometrically corrected radiance). Areas
identified by the THERMAL_CLASSIFIER [Davies et al.,
2006a] are flagged for additional processing.

Figure 5. ALI observation EO1A2190152010107110KF obtained 17 April 2010. This short-wavelength
false-color infrared image shows the Eyjafjallajökull eruption on the left, with a plume heavily laden with
ash. This event caused major travel problems, closing most European airspace. Also labeled is the ground-
hugging portion of the plume. This image was created from ALI bands MS-7 (2.08–2.35 mm) (used as the
red channel in this RGB image), MS-5 (1.55–1.75 mm) (green channel), and MS-50 (1.2–1.3 mm)
(blue channel). Spatial resolution is 30m/pixel. The hottest pixels appear red. Snow and ice appear blue.
An intense thermal source is visible at the base of the plume in the cauldron that has formed in the icecap.
To the ENE is the Fimmvörðuháls lava flow field (within the red box), which had stopped flowing by this
time but was still hot (Figure 6 shows these flows in more detail). Further to the east is Mýrdalsjökull,
under which is found the volcano Katla. The image is 37 km wide.
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[21] The data processing methodology is described in de-
tail in Davies et al. [2008a]. In summary, radiant flux at each
usable Hyperion wavelength (data at wavelengths where the
detector is saturated are discarded) from each thermally
active pixel is corrected for atmospheric absorption and
reflected sunlight (daytime observations only); the radiance
data are fitted with a best-fit, single-temperature black-
body model yielding a color temperature; and the (typically)
sub-pixel area at this temperature is calculated. We note that
a desirable future refinement would be to use a model utiliz-
ing a combination of two to seven blackbody curves [Wright
et al., 2010] to yield a more accurate estimate of temperature
distribution and thermal emission.
[22] Having determined temperature and pixel fraction for

each hot pixel, the total thermal emission from the active
parts of the flow (QTOT, that is, the sum of radiant flux Qrad

and convective heat loss Qconv) is calculated for the observa-
tion as a whole. The total heat loss is converted to an

estimate of minimum effusion rate (QF, m3 s�1) [Harris
et al., 1999; Harris and Thornber, 1999] where

QF ¼ QTOT

rlava cpΔT þ LΔf
� � (1)

[23] The automatic system uses the thermo-physical prop-
erties of basalt to calculate Qrad, Qconv, and QF where rlava =
lava density (2600 kg/m3, close to the actual value for basalt
of 2800 kg/m3 and the value of 2500 kg/m3 for benmoreite),
ΔT= temperature range through which the lava has cooled
(200K), L= latent heat of fusion (3� 105 J/kg), cp = lava
specific heat capacity (1150 J/kg/K), and Δf= change in
crystallization fraction over ΔT (0.45).

5.1. Data Products

[24] Automatic Hyperion data processing yields the prod-
ucts listed in Appendix A. All of the data and products are
posted on a website for rapid access and examination.

1 km

N

a b

c

1
2

3
4

Figure 6. Fimmvörðuháls flows as seen in ALI observation EO1A2190152010107110KF, obtained
17 April 2010. (a) Detail of ALI PAN band (0.48–0.69 mm), showing the lava flows (dark surfaces)
emplaced between 22 March 2010 and 12 April 2010. PAN data are at 10m/pixel. (b) SWIR data at
30m/pixel (see Figure 5), showing the location of the hottest surfaces (red/orange/yellow pixels). The hot
pixels at 1 and 2 are the locations of the main vents. Location 2 covers the two main vents that produced most
of the lava along the NW fissure that fed the flows (location 3). Location 4 denotes the top of a steep slope
over which lava flowed, into Hrunagil, earlier in the eruption. Even though the eruption stopped on 12 April
2010, the lava flows still have partially molten interiors at very high temperatures (>1200K). (c) Context map
on which the Fimmvörðuháls lava flows are shown in pink. The location of the two eruption fissures are
shown as red lines. The red box shows the area covered by Figures 6a and 6b.
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[25] Examples of some of the automatically generated prod-
ucts are shown in Figures 7 to 10. Figure 7a shows a map of
pixels with anomalous thermal emission, as detected by the
ASE THERMAL_CLASSIFIER in a nighttime observation of
the Fimmvörðuháls flow field obtained on 1 April 2010 (see
also Figure 4d). The pixels with the highest radiance are coded
yellow and white. The red pixels are lower-temperature detec-
tions that aremostly a diffused glowwithin the plume. Figure 7b
shows the hottest parts of Figure 7a where various components
of the ongoing activity are labeled in accordance with on-site
observations made by two of the authors (T.T. and A.H.) in
the daytime on 1 and 2 April. The two lava fountaining vents
are feeding lava to the active flow fronts via open channel flow.
The thermal continuity of the channel feeding the northeast
branch of the flow field is disrupted, most likely by the presence
of a thick and cool cover of surface rubble.
[26] Table 2 shows the VSW-generated eruption parameters

that are created for each observation where ongoing volcanic
thermal emission is detected. The effusion rate generated by
the automatic system is probably a substantial underestimate.
As noted above, the system, by necessity, uses a “one size
fits all” approach for all erupting volcanoes regardless of style
of eruption.
[27] The Eyjafjallajökull eruption is particularly valuable

because the eruption was studied in great detail, including
estimation of effusion rate on almost a daily time frame
[Gudmundsson et al., 2012]. This allows the comparison
of effusion rates derived from Hyperion data with those de-
rived on the ground (from in situ measurements of flow cov-
erage rate and thickness or from the height of the eruption
column [Gudmundsson et al., 2012]). Quantifying the mag-
nitude of the underestimation of Hyperion-derived effusion
rate is a useful parameter in interpreting data from eruptions
where there are no ground-truth data against which remote-
sensing data can be compared.

Figure 7. Examples of products automatically generated by the VSW from a Hyperion observation
(EO1H0672282010091110KF) of the Fimmvörðuháls eruption obtained on the night of 1 April 2010 at
21:30 UT. (a) Map identifying thermally anomalous pixels (red) and the most intense pixels in white
and yellow as detected using the THERMAL_CLASSIFIER algorithm. (b) The observation at 2.285 mm
(band 213), with eruption style identified by observers on the ground. The identification of eruption style
will allow more informed analysis of the Hyperion data.

Figure 8. Example of VSW fit to Hyperion data. This is the
spectrum of the pixel at sample 160, line 1828 of
Fimmvörðuháls observation EO1H2180152010091110PF.
The daytime observation was obtained on 1 April 2010 at
11:52 UT. The pixel covers part of an active lava flow. None
of these data are saturated. The data (blue line) have been ra-
diometrically corrected, corrected for incident sunlight, further
corrected for emission angle and range to target (black line),
and then fitted iteratively with a Planck black body function
(green line) to determine the best-fit temperature of the thermal
source, as well as the pixel fraction occupied by that source.
The best-fit temperature is 1059K, and the area is 14m2. Total
radiant power is 1MW.
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[28] Figure 8 shows an example of a single-temperature fit
to a Hyperion spectrum. The fit is to data that have been
corrected for emission angle, incident sunlight, and atmo-
spheric absorption. Such images are created for every pixel
that triggers the THERMAL_CLASSIFIER (see Figure 7a).
[29] Figure 9 shows an extreme case, where the intensity

of thermal emission has saturated the Hyperion detectors at
most wavelengths. One particular strength of the Hyperion
data and the algorithm we use to fit the data is that despite
the loss of most wavelengths there are always some wave-
lengths at the short end of the Hyperion wavelength table
that are unsaturated. These remaining wavelengths are used
to derive a temperature, the pixel fraction occupied by the
emitting surface, and finally the contribution of this thermal
source to overall power output.
[30] Figure 10 shows histograms of the number of pixels

at a given temperature for the data identified in the day and
night observations of Fimmvörðuháls on 1 April 2010.
Activity changed markedly between the two observations
(about 12 h), with a narrower range of temperatures seen
during the night. This change in level of activity follows
what was seen by observers on the ground. The total thermal
emission detected in these two observations was 1.77GW in
the daytime observation and 0.4GW in the nighttime obser-
vation, a significant reduction in activity in the space of 12 h.
It may be that at the time of the nighttime observation lava
fountaining had decreased, and, therefore, detectable areas

at the highest temperatures seen in the daytime observation
were not present or were too small to be detected in the
nighttime observation.
[31] In addition to the products described above, the L1R

Hyperion and ALI data are processed to generate a
geolocated product (L1G) that includes terrain correction
using a digital elevation model (DEM) to correct parallax
error due to topographic relief. Whereas these reprojected
data are not suitable for quantitative analysis of thermal
emission due to resampling of the data, they provide a more
accurate location of features.

Figure 9. Example of extreme saturation of Hyperion data.
Hyperion radiance spectrum of a pixel containing a lava foun-
tain (identified as such by observers on the ground). Intense
thermal emission has saturated the Hyperion detector at wave-
lengths greater than 1.16mm. These saturated wavelengths are
within the area shaded gray. The “dip” at 2.3mm in the “obser-
vation” spectrum (blue line) is a characteristic of saturation
[see Davies et al., 2006a]. The pixel location is sample 144,
line 1851 of observation EO1H2180152010091110PF, a day-
time observation of Fimmvörðuháls obtained on 1 April 2010.
The unsaturated data at wavelengths from 0.9mm to 1.16mm
are sufficient to allow determination of a best-fit temperature
of 1225K. The area at this high temperature is 0.097 of
900m2, or 87m2, equivalent to a circular area ~11m in diam-
eter. Radiant power from this pixel alone is therefore 11MW.
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Figure 10. Histograms of derived temperatures for day and
night Hyperion observations obtained on 1 April 2010, re-
vealing the complex distribution of surface temperatures
even with single-temperature fits to the Hyperion spectra.
There is also significant change in the temperature distribu-
tions from the daytime observation (which exhibits a dual
peak) to the nighttime observation some 12 h later (a more
Gaussian distribution).

Table 2. Eruption Parameters Generated by the VSW Hyperion
Data Processing System for the Observation in Figure 7

Parameter or Quantity Value Units

Mass effusion rate 1314 kg s�1

Volumetric effusion rate, (QF) 0.53 m3 s�1

Total power loss, (QTOT) 3.94� 108 W
Radiant power loss, (Qrad) 3.37� 108 W
Convective power loss, (Qconv) 5.75� 107 W
Total effective area 1.05� 104 m2

Effective temperature 867 K
Look angle 11.35 �
Range to ground 705.38 km
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[32] All products are generated and posted within a few
hours of observation acquisition by EO-1. Actual posting time
is dependent on spacecraft downlink timing. The facility exists
for some of the products automatically generated by VSW
processing workflow to be posted automatically to members
on a preexisting e-mail list.

6. EO-1 Observations of Eyjafjallajökull Volcano,
2010

[33] As described above, the 2010 eruption of
Eyjafjallajökull began on 20 March 2010 in Fimmvörðuháls,
the mountain pass between Eyjafjallajökull andMýrdalsjökull.
With no link between in situ sensors and the VSW, there was
no automatic triggering of the sensor web. Instead, commercial
news reports alerted the VSW team to the ongoing eruption,
and, with the onset of the eruption taking place at a weekend,
retasking EO-1 took longer than it would have if the triggering
had been alerted autonomously. Subsequently, of course, alerts
poured into the VSW from space-based assets (MODVOLC,
at the University of Hawai’i, which processes MODIS data)
and from the London Volcanic Ash Advisory Center (VAAC).
The first EO-1 observation of the eruption at Fimmvörðuháls
was therefore obtained on 24 March 2010. This image showed
lava fountains and multiple lava flows, one of which flowed
north.
[34] Data products generated by the automatic system were

transmitted to volcanologists in Iceland. Between 24 March
and 5 June 2010, 50 observation pairs (each pair consisting
of a Hyperion and ALI observation) were obtained by EO-1
of this eruption. About 50% of these observations were of
limited use due to cloud cover masking the eruption site.
[35] The following section describes the timeline of activity

as seen byEO-1, annotated with notes from observers watching
the eruption from nearby. EO-1 observations obtained are
detailed in Table 3.

6.1. Fimmvörðuháls Eruption: 20 March 2010 to
12 April 2010.

[36] 24 March 2010. The first observations by Hyperion
and ALI were obtained on 24 March 2011 (Figure 11) and
showed intense thermal emission from lava fountains and
lava flows. Figure 11 shows part of the ALI PAN image
(spatial resolution 10m/pixel) and the contemporaneous
Hyperion SWIR image (resolution 30m/pixel). Observers
on the ground watched as lava erupted from vents along a
SW-NE trending fissure and flowed northeastward into a
gorge named Hrunagil. A lava channel approximately 30m
wide can be seen in the PAN data (Figure 11a). The extreme
thermal emission from lava tumbling over a cliff and down a
steep slope into Hrunagil can be seen in the Hyperion SWIR
data and even in the shorter-wavelength ALI PAN data.
From the Hyperion data, the energy loss (~80% radiative
and ~20% convective) from the lava flows was 2GW, with
some modeled temperatures exceeding 1220K. This thermal
emission yielded an estimate of ~3m3 of lava erupting every
second. This estimate of effusion rate is an underestimate, as
it does not take into account flow inflation (which is not
detectable from measurements of thermal emission) and
emission from cooler surfaces that are not detected by the
THERMAL_CLASSIFIER algorithm. A plume is seen

emanating from the vent. Another white plume (indicating
the plume is mostly water vapor), originating from a point
source in Hrunagil, is created by the interaction of incandes-
cent lava and water generated by melting of the surface snow
cover.
[37] 29 March 2010. Through a thin cloud layer, Hyperion

data showed intense thermal emission from the vent region
and varying thermal emission along the length of lava
flowing to the northeast and into Hrunagil. Total power loss
of 6GW was estimated from the Hyperion data, the highest
thermal output seen by Hyperion during the entire eruption
(Table 3). On the ground, observers noted a distinct pulsa-
tion in the vigor of the eruption [Thordarson et al., 2011].
[38] 30 March 2010. A nighttime observation showed two

bright thermal sources within 100m of each other and fainter
thermal emission from hot surfaces almost surrounding the
hill to the north of the first fissure.
[39] 1 April 2010. The day before (31 March 2010), a sec-

ond eruptive vent had opened up just north of the first fissure.
Day and nighttime observations were obtained on 1 April
2010 under perfect viewing conditions. Hyperion observa-
tions are shown in Figure 4 and Figure 7. VSW processing
of the Hyperion data yields the eruption parameters in Table 2.
Thermal emission was from lava fountains emerging from the
vents on the original fissure as well as the more strongly
fountaining vents on the new NW-trending fissure. Lava
emerged from both vents via open channels. A power loss of
1.8GW was estimated from the nighttime observation.
[40] 4 April 2010. A daytime Hyperion observation showed

intense thermal emission from a new fissure and lava flowing
to the northwest into a gorge named Hvannárgil, as well as
fainter thermal emission from vents along the old fissure and
the northeast flow. Temperatures as high as 1360K were
derived from the Hyperion data, remarkably high for single-
temperature fits that tend to underestimate actual peak temper-
ature present, with a total power output of 1.5GW from an
area of 0.046 km2. Observers on the ground measured peak
temperatures of 1287K (1014 �C) at incandescent lava flow
fronts. Temperatures within the vent were almost certainly
higher, as suggested by Hyperion data.
[41] 6 April 2010. A daytime Hyperion observation showed

intense thermal emission from a vent on the new fissure and
lava flowing into Hvannárgil. Lava interacting with meltwater
generated a white plume.
[42] 7 April 2010. A nighttime observation through a thin

cloud layer showed a single vent and branching lava flows.
Thermal emission was detected along segments of the flows.
Observed power output dropped to 40MW.
[43] 8–12 April 2010. Bad weather prevented observations

of Fimmvörðuháls. The eruption ended on April 12. During
this eruption, lava covered ~1.3 km2 with a thickness outside
the crater rims reaching 30m closest to the vents on the east
side, but typically the thickness is 10–15m, with an overall
average flow thickness of 15.4m [Edwards et al., 2012].

6.2. Eyjafjallajökull: 14 April 2010 to 7 June 2010

[44] 14 April 2010. EO-1 was still tasked to observe
Fimmvörðuháls when the eruption of Eyjafjallajökull began
early on 14 April 2010. A daytime Hyperion observation on
14 April 2010 saw part of the plume from Eyjafjallajökull. A
subsequent nighttime observation of Fimmvörðuháls by
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Table 3. EO-1 Observations of Fimmvörðuháls and Eyjafjallajökull, 24 March 2010–5 June 2010

Date, Time (UT) Qrad Qconv QTOT

Estimated
Effusion
Rate, QF

Equivalent
Mass Flux Cloudy? Eruption and Weather Notes

mm/dd/yy hh:mm GW GW GW m3 s�1 103 kg s�1

3/24/10 12:12 1.61 0.37 1.98 2.6 6.6 no Eruption had started on 20 Mar. Lava fountains and
flow seen.

3/29/10 12:06 5.40 0.55 5.95 7.92 19.8 partially Intense thermal source at origin to SW. Lava flow to NE.
3/30/10 22:22 0.11 0.03 0.14 0.19 0.5 possibly clear Two thermal sources—possibly a lava flow surrounding

the mound.
4/1/10 12:22 1.46 0.30 1.77 2.35 5.9 no Multiple vents and flows (see Figure 4).
4/1/10 22:00 0.34 0.06 0.39 0.53 1.3 no Lava fountains and flows (see Figures 4 and 7).
4/4/10 12:38 1.23 0.25 1.48 1.97 4.9 no Multiple flows, vents.
4/6/10 12:16 0.24 0.10 0.34 0.45 1.1 yes Two intense sources visible through cloud.
4/6/10 21:54 <0.01 <0.01 0.01 0.01 <0.1 yes Very diffuse thermal signal.
4/7/10 22:32 0.03 <0.01 0.04 0.05 0.1 yes Single very intense spot. Diffuse signal from flow.
4/8/10 11:54 1.33 0.29 1.62 2.16 5.4 no Intense thermal emission from fountains, lava flows.
4/9/10 12:32 0 0 0 0 0 yes Nothing seen.
4/9/10 22:10 0 0 0 0 0 yes Extremely diffuse thermal signal, possibly through cloud.
4/12/10 22:26 0 0 0 0 0 maybe Faint thermal source. Fimmvörðuháls episode ends.
End of Fimmvörðuháls eruption—12 April 2010
4/14/10 12:26 0 0 0 0 0 yes White plume from new Eyjafjallajökull eruption.
4/14/10 22:04 0 0 0 0 0 yes No thermal emission from Fimmvörðuháls detected.

Intense thermal emission from Eyjafjallajökull seen in
ALI nighttime observation.

4/16/10 12:04 0 0 0 0 0 yes White plume from Eyjafjallajökull eruption.
4/17/10 12:42 0.04 0.02 0.06 0.08 0.2 no “Cauldron” image—dark ash plume.
4/17/10 22:20 0 0 0 0 0 no Thermal emission possibly masked by plume.
4/19/10 21:58 0.02 0.01 0.03 0.04 0.1 yes Strong hot spot seen through cloud.
4/22/10 12:36 <0.01 <0.01 <0.01 <0.01 <0.1 yes Faint thermal source at base of plume.
4/22/10 22:14 0.07 0.02 0.08 0.11 0.3 no Strong thermal source at base of plume.
4/24/10 12:14 0.07 0.03 0.10 0.13 0.3 no Intense thermal source at base of plume.
4/29/10 12:08 0 0 0 0 0 yes Top of relatively small white plume seen.
4/30/10 12:46 0.18 0.07 0.25 0.33 0.8 partially Extended source to north of main vent. New lava

channel forming.
4/30/10 22:23 0.03 0.01 0.04 0.05 0.1 maybe Extended source—2 joined sources—vent and end

of flow?
5/2/10 12:24 0.25 0.07 0.32 0.43 1.1 no Extended source to north of main vent. New lava

channel forming.
5/2/10 22:02 0.03 0.01 0.04 0.06 0.1 maybe Impressive scene of plume lit from within.
5/4/10 12:02 1.27 0.37 1.64 2.18 5.5 no Increase in activity—large ash plume—fine shot of lava in

2 km-long channel.
5/5/10 12:40 0.02 0.01 0.03 0.04 0.1 yes Active vent visible through cloud.
5/5/10 22:17 0.19 0.04 0.23 0.31 0.1 no Main vent and extended source/lava flow?
5/7/10 21:56 0.24 0.06 0.30 0.40 1.0 no Intense source at base of plume.
5/8/10 22:33 0.43 0.11 0.54 0.72 1.8 no Vent and head of lava flow—one of the clearest

observations obtained.
5/12/10 12:12 0.67 0.13 0.80 1.06 2.7 yes Intense hot spot seen through cloud—large dark plume

imaged—a great ALI image.
5/13/10 12:50 0 0 0 0 0 yes Top of dark plume seen—relatively small plume.
5/13/10 22:27 0 0 0 0 0 yes Top of relatively small plume illuminated—a hint of diffuse

thermal emission under clouds.
5/15/10 12:28 0.32 0.09 0.41 0.55 1.4 partially Ash plume to SW—intense thermal source at main vent.
5/15/10 22:05 0.15 0.05 0.20 0.27 0.7 partially? Vent observed—also small thermal sources to north

(lava channel?).
5/17/10 12:06 0 0 0 0 0 yes Top of dark ash plume seen—plume drifting east.
5/18/10 12:44 0 0 0 0 0 yes Top of dark ash plume seen—plume drifting north.
5/20/10 21:59 0 0 0 0 0 partially? Plume seen.
5/22/10 12:00 0 0 0 0 0 yes Top of very small dark (ash rich?) plume visible.
5/23/10 22:15 0.03 0.01 0.04 0.06 0.1 may be clear No large plume seen.
5/25/10 21:53 <0.01 <0.01 <0.01 <0.01 <0.1 partially One hot pixel detected—small plume.
5/26/10 12:54 0 0 0 0 0 no Clear view of cauldron—small vapor cloud.
5/26/10 22:31 0 0 0 0 0 yes Probably mostly cloud.
5/28/10 22:09 0 0 0 0 0 yes Probably mostly cloud.
5/31/10 12:48 0 0 0 0 0 yes
6/2/10 22:03 0 0 0 0 0 yes Small plume.
6/4/10 12:04 0 0 0 0 0 yes
6/5/10 22:19 <0.01 <0.01 <0.01 <0.01 <0.1 no (apparently) Small plume (same as 2 June); small thermal source at base.

Non-bold = day observation
Bold= night observation
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Hyperion did not detect any thermal emission (probably due
to cloud), but the ALI nighttime observation detected a
bright thermal emission source from Eyjafjallajökull in
SWIR data. The thermal emission from the new vent was
diffused by a layer of cloud. The silhouette of the plume, il-
luminated from below, is shown in Figure 12.
[45] 16–17 April 2010. The explosive eruption of

Eyjafjallajökull continued, generating an ash plume that
reached Northern and Western Europe and led to closure
of airspace. In EO-1 data, the ash plume was seen punching
through a cloud layer on 16 April 2010. Cloud cover had
gone by the next day, and a brown, ash-rich plume was
observed on 17 April 2010 (see Figure 5), carried by winds
to the south. An intense thermal source was seen by Hyperion
in the cauldron, with a power output of at least 60MW. Resid-
ual thermal emission from the Fimmvörðuháls lava flow field
was also detected on 17 April 2010 (Figure 6).
[46] 19–24 April 2010. Numerous EO-1 observations

were obtained by day and night (Table 3). Thermal emission
was often obscured by an ash plume (although much smaller
than the massive ash plume of 17 April) and by cloud.
[47] 29–30 April 2010. Hyperion data hinted at an elonga-

tion in the thermal source toward the north. On-site and
surveillance flight-based observations showed that after 21
April 2010 the lava emanating from the vents at the summit

Figure 11. Observation of the Fimmvörðuháls eruption on 24 March 2010. This was the first observa-
tion of the eruption (which started 4 days earlier) by Hyperion and ALI on EO-1. (a) Part of the ALI
PAN L1G image (spatial resolution 10m/pixel) and (b) the contemporaneous Hyperion SWIR L1G image
(resolution 30m/pixel), created from Hyperion SWIR bands 213, 150, and 110 in the red, green, and blue
channels, respectively. The intense thermal emission (red, yellow, and white pixels) comes from active vents
along a SW-NE trending fissure and lava flows. (c) Overlay of Hyperion band 213 over two bands at visible
wavelengths (28 and 20) to help locate the hot pixels with emplaced lava. Key to labeling in Figure 11a:
1 = location of main vent along the original fissure. 1 to 2 =fissure. 3 = lava flow channel within the flow field,
~30m wide. There is a very bright pixel just southwest of the number “3” that is a high-temperature thermal
source. 4 = bright thermal emission at head of Hrunagil (white patch). 5 =white plume from lava-meltwater
interaction. 6 = plume from main vent. For comparison, (d) the lava flow emplacement sequence between
21 March and 12 April 2012 as derived by Edwards et al. [2012] (their Figure 2).

N

Figure 12. The first EO-1 observation of Eyjafjallajökull
which was obtained at night on 14 April 2010 at 22:26 UT
by ALI. This image was created from three ALI SWIR
bands. There is a low layer of cloud which is illuminated
from below by an intense heat source. The cloud diffuses
this energy, revealing the silhouette of the plume.
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was working its way northward, initially beneath the ice but
gradually melting the ice cover. This lava flow reached the
northern margin of the summit caldera, about 1 km from
the vent, and began to descend down the Gígjökull outlet
glacier. From Hyperion data, observed power output was
~40MW on the night of 30 April 2010.
[48] 1–7May 2010. In the first week ofMay 2010, Hyperion

observed lava working its way down the path of the Gígjökull
outlet glacier (Figure 13). Thermal emission estimates were
generally low, compared with the peak of the Fimmvörðuháls
eruption as estimated from Hyperion data. The eruption of
more evolved and cooler magma with likely eruption temper-
atures in the range 1173K to 1273K (900–1000�C) may have
contributed to this, but observations from aircraft indicated
that the most likely explanation was that the initial advance
of the lava occurred with much water-lava and ice-lava inter-
action. The formation of thicker insulating crusts than might
have been expected led to lower lava surface temperatures.
However, on 4 May 2010, a peak in activity occurred when
minimum radiated power reached 1.3GW. This peak was
caused by a sharp increase in the magma discharge that
resulted in an increase in the explosive activity, with a dark
plume rising from the crater. These events were preceded by
an elevated and upward-migrating swarm of volcano-tectonic
earthquakes and reduced tremor. Poor weather impacted a
Hyperion observation and also ground-based observations of
ongoing activity.
[49] 12–26 May 2010. A dark ash plume was seen by

Hyperion on 12 May 2010, and the top of the ash plume
was seen on 13 May 2010 in both day and night observa-
tions. A more or less steady dark ash plume was seen in
day and night observations through 18 May 2010, and then

the level of volcanic activity dropped. A small diffuse plume
was seen on 22 May 2010, no plume was seen on 23 May
2010, and on 26 May 2010 only steam was observed.
[50] 5–7 June 2010. Hyperion detected ongoing activity in

the form of two small thermal sources in nighttime observa-
tion on 5 June 2010 at the base of a small plume. Total
power loss was estimated as ~2.3MW. This was the last de-
tection of thermal emission by EO-1 for the 2010 eruption.

7. Effusion Rate Estimation

[51] Figure 14 shows estimated effusion rate (kg/s) with
time derived from Hyperion data, as well as estimated heat
losses as measured by Hyperion and MODIS. Estimated ef-
fusion rates at Fimmvörðuháls, extrapolated from the rate of
change of flow area at an observational temporal resolution
of hours to several days, and effusion rate at Eyjafjallajökull
from daily plume height measurements [Gudmundsson
et al., 2012] are shown in Figure 15.

7.1. Fimmvörðuháls: Effusion Rate
From Hyperion Data

[52] Hyperion did not observe the first 3.5 days and last
2 days of the Fimmvörðuháls eruption. The estimated peak
effusion rate from the Hyperion data was 1.7� 109 kg/day
(~8m3/s) on 29 March 2010 (see Table 3 and section 6).
The variability of effusion rate is an indication of the dynamic
nature of the eruption, with frequent lava-fountain episodes
that contributed most of the thermal emission seen by Hype-
rion. Nevertheless, the trend in thermal emission is slightly
downward until 4 April 2010. On 6 April 2010 there is a steep
dip, probably mostly due to clouds obscuring thermal

Figure 13. Eyjafjallajökull on 2 and 4 May 2010 as seen by Hyperion. (a) Visible wavelength Hyperion
image at 30m/pixel, showing a dark brown ash plume from the active summit vents and a white plume
that is mostly water vapor created where lava is advancing northward down the path of and through the
Gígjökull outlet glacier. (b) SWIR Hyperion image (created using bands 110 [1.242mm], 150
[1.649 mm], and 213 [2.285 mm]) showing the hot (red and yellow) lava pixels in this lava flow, which
is clearly revealed on (c) 4 May 2010, by which time the flow had advanced ~3 km from the source vent.
Figure 13c uses the same bands as Figure 13b.
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emission. There is a relatively low level of thermal emission
(and, by inference, effusion rate) on 7 April 2010 followed
by a sharp increase on 8 April 2010, when estimated effusion
rate was as high as it had been 4 days earlier. This was the last
Hyperion observation of effusive activity at Fimmvörðuháls.

7.2. Fimmvörðuháls: Comparison
With Ground-Based Estimates

[53] We now compare effusion rate derived from Hype-
rion data with estimates made in the field. It is possible to
calculate the volume erupted during an effusive or explosive
eruption after the event is over by examining the extent and
thickness of new lava flows and the distribution and volume
of volcanic ash deposits, but estimating effusion rate during

an ongoing eruption is difficult. For example, mapping the
extent and thickness of active lava flows is potentially haz-
ardous, and it is not always possible to remain in place to
measure flow inflation. Post-eruption, the total volume
erupted at Fimmvörðuháls was determined to be 20 �
106 m3. [Gudmundsson et al., 2012]. Edwards et al. [2012]
estimated mean effusion rates of 15m3/s between 20 and
31 March 2010, 6–10m3/s between 31 March and 7 April
2010, and 2–6m3/s between 7 and 12 April 2010. These
effusion rates are shown in Figure 15.
[54] Also shown in Figure 15 are updated estimates of

effusion rate at a higher temporal resolution using the
Edwards et al. [2012] map of changing areal coverage by
lava flows (Figure 11d). Even on the sampling time scales,

Figure 14. Variability of total heat loss (blue diamonds) detected by Hyperion for the Fimmvörðuháls
and Eyjafjallajökull eruptions (see Table 3). Periods when observations were impacted by poor visibility
are shown as gray areas. Also shown are estimates of thermal emission (red line) derived by MODIS
instruments on the Terra and Aqua spacecraft, which fill some of the gaps in the Hyperion timeline.

Figure 15. Magma discharge rates for Fimmvörðuháls and Eyjafjallajökull as derived from Hyperion
data (blue diamonds) compared with daily average estimates from ground-based observers. The areas
between the red lines show the uncertainty in the Edwards et al. [2012] estimates. The black circles show
new estimates of effusion rate based on the Edwards et al. [2012] areal coverage rates shown in Figure 11d.
Gray areas represent times when EO-1 observations were hampered by clouds. A dense rock equivalent
(DRE) of 2500 kg/m3 is used to convert mass erupted to volume erupted.
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broad swings in activity were seen, consistent with a
dynamic, rapidly changing eruption. We use an average flow
thickness of 15.4m, determined from field measurements.
The fit of an effusion rate change profile to the data is
constrained by the total volume erupted (0.020 km3). The
effusion rate derived from the Edwards et al. [2012] data
reached a peak of 49m3/s on 22 March 2010 and dropped
sharply to 2.7m3/s on 24 March 2010. This apparent drop
in effusion rate was probably the result of thickening of
the lava flow field by inflation, when lateral growth of the
flow field was limited. Effusion rate subsequently increased
to 31m3/s on 26 March 2010, before decreasing, tailing off,
and stopping entirely by 13 April 2010.
[55] The Hyperion-derived effusion rates broadly mirror the

time-averaged effusion rates from ground-based flow map-
ping, but underestimate effusion rate in most cases by an order
of magnitude. This is because, firstly, the methodology used to
estimate total thermal emission (a single-temperature fit to the
spectrum of each pixel) is not necessarily the best method for
an eruption of this type. Whereas this method has been shown
to provide robust radiant fluxes for an active, overturning lava
lake [Davies et al., 2008a], active lava flows like those
emplaced at Fimmvörðuháls have a wider and more compli-
cated surface temperature distribution that is best fitted with
a more sophisticated thermal emission model involving two
or more temperature components. Secondly, it is not possible
to detect flow inflation in Hyperion data, leading to further un-
derestimation of actual effusion rate from Hyperion radiance
data alone. Thirdly, we are comparing (ground-based) esti-
mated time-averaged eruption rates with instantaneous effu-
sion rate estimates (derived from space) during a dynamic,
rapidly changing eruption.

7.3. Eyjafjallajökull Effusion Rate Estimates
(14 April to 22 May 2010)

[56] Eruption rates during the Eyjafjallajökull eruption were
estimated from radar-derived plume heights using the method-
ology of Mastin et al. [2009] scaled with measured fallout on
the ground [Gudmundsson et al., 2012]. These results are also
shown in Figure 15 and are also given in kilogram per second
using a dense rock equivalent (DRE) of 2500 kg/m3. Daily
average effusion rates rapidly reached a peak of 230 m3 s�1

(~6 � 105 kg s�1) on 14 April 2010, the first day of this erup-
tion. This episode was most active in terms of volumetric dis-
charge between 14 and 17 April 2010, with discharge rates on
16 and 17 April 2010 of 220 and 90m3/s. Effusion rates
exceeded 50m3/s again on 5 May 2010 (140m3/s), 7 May
2010 (80m3/s), 13 May 2010 (150m3/s), 14 May 2010
(70m3/s), 15 May 2010 (50m3/s), and 16–17 May 2010
(110 and 50m3/s) (based on Gudmundsson et al. [2012]).
[57] Hyperion-derived effusion rates (Table 3 andFigure 15),

which are estimated from measurements of thermal emission,
are not directly applicable to eruptions such as the explosive,
plume-producing phases of the Eyjafjallajökull eruption. The
amount of thermal energy seen at short-infrared wavelengths
is greatly reduced by optically thick eruption plumes of the
type encountered at Eyjafjallajökull. In addition, an important
mechanism influencing the eruption plume, at least during the
first explosive phase, is the thermal exchange between hot lava
and melting glacial ice. Thermal energy (the sensible and
latent heat content of the lava) firstly melts ice and heats water
to steam—this is a highly energetic process that results in

rapid, violent expansion of gases and the entrainment of ash
fragments to form a rapidly ascending, convecting ash plume.
Thermal energy is converted into mechanical energy, and
Hyperion is not sensitive to this process. As a result,
Hyperion-derived effusion rates underestimate actual effusion
rate by an order of magnitude or more. However, as with the
Fimmvörðuháls eruption, the Hyperion thermal emission data
do, generally, follow the effusion rate trends revealed in the
Eyjafjallajökull eruption rate timeline derived from charting
plume height.

8. MODIS Observations of Thermal Emission

[58] Figure 14 shows the variability of power output from
Fimmvörðuháls and Eyjafjallajökull, as derived from Hype-
rion data (see Table 3). Shaded areas are where observations
were significantly affected by cloud. Also shown are estimates
of thermal emission derived from data collected by the
MODIS instrument on Terra and Aqua at night. Thermal
emission as detected by MODIS is generally consistent with
that seen by Hyperion during the Eyjafjallajökull 2010 erup-
tion, and fills in some of the gaps in the Hyperion timeline.
The thermal detection algorithm used to process MODIS data
relies on data at short wavelength infrared (SWIR) and thermal
infrared (TIR~12mm) wavelengths [Wright et al., 2002;
Wright et al., 2004]. MODIS is sensitive to thermal emission
from (typically) larger and cooler surfaces, so it is unsurprising
that MODIS-derived radiances are commonly larger than
those derived solely from visible to short wavelength infrared
(VIS-SWIR) Hyperion data using single-temperature fits.
Exceptions to this relationship occur when all of the thermal
sources present are at relatively high temperatures. In these
cases, short-wavelength thermal emission detected by
Hyperion is greater than that at longer wavelengths, detected
by MODIS.

9. Discussion

[59] EO-1 obtained 50 pairs of observations (Hyperion
and ALI) of this eruption in less than 3months, an unprece-
dented frequency for such high spatial resolution space-
based imagers. The high observation frequency was only
possible as a result of EO-1 operational streamlining as a
result of implementing ASE-type automatic mission plan-
ning. The Volcano Sensor Web enabled the rapid generation
and posting of data products. The VSW is a template for
future space missions, utilizing automated systems and data
processing to maximize science return.
[60] A comparison of estimates of effusion rate reveals

some of the limitations of techniques on the ground and those
applied to remote-sensing data. Hyperion data allow an esti-
mation of instantaneous effusion rate, but this is, in most cases
and using this methodology, a minimum value by at least
an order of magnitude. The Fimmvörðuháls effusion rate
was derived from maps of lava flow coverage and used a
post-eruption estimate of volume erupted to estimate an aver-
age flow thickness. These data allow daily average effusion
rates to be calculated, but only after the eruption has halted.
[61] Similarly, a number of observations of plume height

were used to estimate daily average effusion rate at
Eyjafjallajökull. Comparisons are therefore being made
between instantaneous observations and daily averages; it

DAVIES ET AL.: OBSERVING EYJAFJALLAJÖKULL WITH EO-1

1951



is therefore not possible to say with great certainty by how
much our approach to Hyperion data processing underesti-
mates effusion rate.
[62] The only solution to this problem, and to ensure a ro-

bust comparison and enable future refinement of data pro-
cessing models as a result, is to ensure that ground-based
observations of plume height, extent of activity (in the case
of lava flows), and style of volcanic activity are obtained si-
multaneously with space-based observations. This synchro-
nicity has been achieved a number of times before with
Hyperion at Erebus (Antarctica), Erta’Ale (Ethiopia), and
Kilauea (US) volcanoes [e.g., Davies et al., 2008a; 2011].
[63] Some Icelandic volcanologists were informed in ad-

vance that EO-1 observations were to be obtained, but these
data were not often relayed to workers in the field so that
they could note precise eruption behavior at the time of ob-
servation (plume height, lava flow dimensions, and/or style
of activity). Part of the problem was that personnel monitor-
ing the eruption were already extremely busy. Another part
of the problem was that people were unaware of the capabil-
ities of the EO-1 instruments and the detail of the resulting
images. The usefulness of these data became apparent only
after the eruption, when the full capability of the VSW was
realized. One useful outcome from this eruption was the ex-
change of information and discussions that highlighted the
areas where further cooperation was desirable. One immedi-
ate spin-off was the integration of Icelandic Meteorological
Office seismic sensors located on Iceland’s volcanoes into
the VSW (see Appendix B). For post-2010 eruptions, mon-
itoring would be triggered by eruption precursors rather than
a few days after the eruption starts.
[64] How useful were the VSW products during the

Eyjafjallajökull eruption of 2010 to the decision makers,
watching the eruption run its course? This is difficult to
determine. Unlike the 2006 eruption of Nyamuragira [see
Davies et al., 2008b], where a spacecraft observation was
the only way to determine vent location and subsequent lava
flow direction, a lack of data was not a problem during the
Eyjafjallajökull eruption. In Iceland, observers were in place
on the ground very shortly after (within hours of) the start of
the eruption. At present, satellite methods cannot replace the
“near field” observations in terms of accuracy. However,
remote-sensing observations are especially useful for
detecting changes at night (lava flows changing direction,
new vents, etc.) when other observations are unavailable. In
these cases, rapid delivery of data and products (as demon-
strated using the VSW) is very important for local observers.
[65] A second point is that observation of remote areas

presently out of range of detailed monitoring is possible.
The Hyperion observations of early May 2010 revealed that
the lava flows moving to the north of the vent had removed
all of the ice immediately above them, pointing to an immi-
nent reduction in water flowing off the ice cap. While for the
case of Eyjafjallajökull this was seen by observers on the
spot, the capability of doing this remotely is of immense
value for charting the course of inaccessible eruptions and
evaluating the resulting hazards. A particular strength of this
study is to determine the limitations of remote sensing and to
pinpoint areas of weakness in the present volcano-observing
method of operation.
[66] In summary, a number of lessons have been learned

from the Eyjafjallajökull 2010 eruption:

[67] 1. Effusion rates. At Fimmvörðuháls, the comparison
of eruption rate data sets is difficult because we are compar-
ing time-averaged eruption rate ground-based data with in-
stantaneous effusion rates from a spacecraft.
[68] 2. Communications. Better communications of satel-

lite overpasses to field workers is vital to enable precise
timing of ground-based observations at the moment of
spacecraft observations. This is particularly important with
rapidly changing styles of activity.
[69] 3. Field observations. A higher frequency of ground-

based observations is desirable in order to build up an effu-
sion rate profile with a higher temporal resolution. Also de-
sirable is the setting up of multiple vantage points, both
manned and remote instrument stations, where possible, to
chart the evolution of the eruption. Both visible and IR data
are desirable. Repeated ground surveys are needed to chart
flow field growth and degree of inflation. If the temporal
resolution of ground-based observations of lava flow
emplacement (areal extent, rate of change of area, flow
thickness, and degree of inflation) could be improved to an
interval of a few hours rather than a few days, more robust
estimates of effusion rate and rate variability could be gener-
ated that would provide robust ground truth for testing the
limits of models of effusion rate from remote-sensing data.
[70] 4. Modeling. Regarding the VSW, fitting Hyperion

data or any other hyperspectral or multi-spectral imager data
with more sophisticated temperature/area distribution
models (at least a two-temperature model) will improve esti-
mation of radiant flux and total heat loss and therefore a bet-
ter estimation of effusion rate.

9.1. Future Plans for the VSW

[71] A major objective for the VSW is to obtain high tem-
poral resolution spacecraft coverage of an eruption from a
time before surface activity begins (see Appendix B). The
goal is to chart the waxing phase of an episodic eruption to
its peak and, as the eruption begins to wane, provide esti-
mates of likely duration and total volume erupted. This
could be accomplished using a model of exponential decay
in effusion rate with time, linked to the release in elastic
strain in the crust surrounding the magma chamber supply-
ing the eruption [e.g., Wadge, 1981]. At the same time, the
location of activity is provided for other users to forecast,
in the case of lava flows, the likely direction and distance
traveled [e.g., Wright et al., 2010].

10. Conclusions

[72] The NASA Volcano Sensor Web links notifications
of volcanic activity to a system that can retask the EO-1
spacecraft to observe the volcano of interest. The VSW dem-
onstrates an autonomy-driven, multi-asset, spacecraft
retasking and data processing system that maximizes science
return by focusing on events of greatest interest and by
extending missions through the most effective use of
resources. Because the system is autonomous, it is fast and
operates around the clock.
[73] The 2010 eruption of Eyjafjallajökull volcano,

Iceland, was one of the most closely studied eruptions of
recent years because of the effect the eruption had on air
transportation worldwide. Using a spacecraft command and
control system and resource manager capable of fully
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autonomous operation, an unprecedented sequence of obser-
vations was obtained by EO-1. These observations revealed
the different phases of the eruption, as lava fountains
emplaced lava flows; the eruption moved under an ice cap,
leading to an explosive eruption; and how new lava flows
cut their way through the ice cap.
[74] Although the effusion rates generated by the VSW are

almost certainly underestimations, the relative radiant fluxes
measured and the distribution of hot pixels detected reveal
considerable detail as to the style of volcanic activity. In
conjunction with the high spatial resolution of the data
(10 to 30m), these images allow pinpointing of vents and lava
flows, as well as producing data that can be used to estimate
plume height from measurement of plume shadow height.
[75] The increased efficiency of the autonomous system of

resource allocation and spacecraft retasking and the delivery
of information vital to mitigating volcanic risk and hazard
was demonstrated most impressively at Nyamuragira vol-
cano in 2006, and the speed of response enabled by linking
in situ sensors to spacecraft was demonstrated during the

Grímsvötn volcano eruption of May 2011. Streamlining of
spacecraft operations—that is, the task of requesting and
changing what the spacecraft is required to do—is now so
simple that inserting new observations is a matter of a few
key strokes. This ease of operation led to the unprecedented
and unique sequence of observations obtained of the 2010
eruption of Eyjafjallajökull. This was a compelling demon-
stration of how the VSW, by combining alerts from multiple
sources with advanced autonomy to handle resources and
process data, is a template for operating future NASA mis-
sions to extract the highest possible science return [e.g.,
Chien et al., 2010b]. It is hoped that the VSW can repeat
this effort with other eruptions in more remote locations
(e.g., parts of Alaska, Kamchatka, Indonesia, South Amer-
ica) that have the potential to cause similar problems as
Eyjafjallajökull.

Appendix A: ASE and VSW Automatically
Generated Products From EO-1 Data

Table A1. ASE and VSW Automatically Generated Products From EO-1 Data

Instrument ID Product Description

Basic Hyperion product processing
Hyperion 1.1 L0 data and browse image Raw, unprocessed radiance data
Hyperion 1.2 L0.5 data and browse image Radiance product processed on EO-1 by ASE. See Doggett et al. [2006]
Hyperion 2 L1R data and browse image Radiometrically corrected radiance data (Figure 4)
Hyperion 3 L1G data and browse image Geolocated data (Figures 11b and 11c)

Hyperion bands
Hyperion 4.1 Band 110 (1.245mm) image Used by ASE THERMAL_CLASSIFIER (see section 6; Davies et al. [2006a]) (Figure 4)
Hyperion 4.2 Band 150 (1.649mm) image Used by ASE THERMAL_CLASSIFIER (Figure 7a)
Hyperion 4.3 Band 213 (2.285mm) image Used by ASE THERMAL_CLASSIFIER (Figure 7a)

ASE data processing
Hyperion 5.1 Hot pixel locations Map showing line, sample of each hot pixel (Figure 7a) detected using ASE

THERMAL_CLASSIFIER
Hyperion 5.2 Temperature map Map of temperatures fitted to spectra of selected pixels
Hyperion 5.3 Pixel fraction map Pixel fraction occupied by thermal source at fitted temperature (ID 5.1)

VSW data processing
Hyperion 6.1 Hyperion L1R radiance spectrum Spectrum for each hot pixel (ID 5.1, 5.2) (blue curve, Figures 8 and 9) corrected for emission

angle and range to target
Hyperion 6.2 Saturated bands Saturated bands, not used for temperature fitting (gray area, Figure 9)
Hyperion 6.3 Corrected L1R radiance spectrum Sunlight component removed; corrected for atmospheric absorption (black line, Figures 8 and 9)
Hyperion 6.4 Thermal blackbody fit Single-temperature fit to unsaturated data (green curve, Figures 8 and 9)

Results for each detected hot pixel
Hyperion 7.1 Temperature (best-fit) Text file: Single-temp. best fit to unsaturated data (K)
Hyperion 7.2 Pixel fraction filled by thermal source Text file: Fraction of pixel filled by thermal source (m2)

Results for entire scene
Hyperion 8.3 Qrad Radiant power (W) Table 2
Hyperion 8.4 Qconv Convective heat loss (W) Table 2
Hyperion 8.5 Qrad +Qconv Total energy loss (W) Table 2
Hyperion 8.6 QF effusion rate estimate (m3 s�1) Table 2; also expressed as kg s�1

Hyperion 8.7 Total emitting area (m2) Table 2; sum of all areas in ID 7.2

Time history
Hyperion 9 Time history, chart, and .csv file Plot of QTOT with time (using all available observations). The .csv file is easily imported into a

display program such as Microsoft Excel (Figure 14).

ALI products
ALI 10.1 L1R product Radiometrically corrected radiance product (Figure 5, SWIR bands)
ALI 10.2 L1G product Geolocated product (Figures 6a and 11c)
ALI 10.3 Thumbnail image Created from visible wavelength L1G data
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Appendix B: IMO-VSW Linkage and the
Grímsvötn Volcano, Iceland, 2011 Eruption
[76] Eyjafjallajökull 2010 was not imaged by EO-1 until

3 days after the eruption began because VSW triggering
was based on notification of the ongoing eruption from a
non-VSW (i.e., non-autonomous) source—in this case, from
broadcast news reporting. MODVOLC, Volcanic Ash Advi-
sory Centres (VAAC), and US Air Force Weather Agency
(AFWA) alerts soon followed after 21 March 2010. In
order to get a better response for future Iceland eruptions,
a link was initiated between the Icelandic Meteorological
Office (IMO) ground-based sensors and the VSW in June
2010.
[77] The VSW is now linked to the Icelandic Meteorological

Office SIL (South Iceland Lowland project) seismic network
[Böðvarsson et al., 1996]. The VSW retrieves SIL data via a
derived product that is updated approximately every 5min in
Iceland [Kjartansson, 1997]. Earthquake hypocenters are
calculated for seismic events across Iceland [Böðvarsson
et al., 1999]. A VSW software agent (a computer program)
examines these data approximately every 30min and com-
putes an energy-time-density function. For each new hypo-
center, the system captures all preceding hypocenters and
calculates the sum of the event magnitudes, modifying
each magnitude using exponential decays of time and dis-
tance to the current event location. Sums exceeding a
predetermined threshold are deemed triggers if they lie
within some radius (currently 10 km) of a known target.
That target is used for a sensor web request retasking
EO-1.
[78] The triggering algorithm works as follows. If

T = time constant in seconds (currently 5 * 3600= 5 h), and
D = distance constant (currently 8 km)
e0 = most recent event

[79] and

Ae = all events preceding e0 within 10 T

[80] for a single event i

ei = single event in Ae
di = distance from ei to e0 (km)
ti = time separation from ei to e0

[81] and

mi = magnitude of event ei

[82] then
ji; the approximate magnitude of event ei ¼ 10 mi=10ð Þ; (4)

and

Fti; the time falloff factor;¼ 1= 1þ 10 3 ti�Tð Þ=Tð Þ
� �

; (5)

and

Fdi; the distance falloff factor;¼ 1= 1þ 10 3 dj�Dð Þ=Dð Þ� �
: (6)

[83] The situation “score,” X, is given by

X ¼ 10log10
X
i2Ae

jiFtiFdið Þ (7)

and an alarm is generated if

X > threshold (8)

[84] The variable threshold value was set by testing this al-
gorithm out on historical data, particularly the Eyjafjallajökull
2010 eruption. Initially, a threshold of 5 was used. The thresh-
old has been varied a number of times to fine-tune the system
reaction. Since June 2010, the threshold has been set at 8. To
prevent a flood of alerts as might arise from an earthquake
swarm, once activity crosses the threshold, triggering is
suppressed for a future window of time that rolls forward with
over-threshold activity; for each new event, any prior event
within the distance falloff factor cutoff Fdi> 1020 (~61 km),
within 10 T (50 h), and exceeding the threshold (regardless
of whether that event generated a trigger) will suppress a
new trigger: things need to quiet down for ~50 h within a
~61 km radius before triggering another alert.
[85] These triggers result in a message that is sent to the Sci-

ence Event Manager (SEM) and processed through a cam-
paign per the usual sensor web route described above. In the
message-generation process, the alert’s geographic location
is compared to a database of observation targets throughout
the region. The nearest of all targets within 60 km is associated
with the event, and the target’s geographic location is used to
point the EO-1 observation. If there are no targets with the
search radius, the message is not sent to the SEM, but an email
is sent instead to the VSW team. There are several reasons for
this: (a) simple organizational benefit—to associate the obser-
vation with well-known geographic features; (b) to filter areas
of common seismic activity but little volcanic activity; and
(c) to minimize scattering of observation pointing that would
occur from following the noisy hypocenter locations and an-
chor on well-known surface features. This approach poses
some risk of missing an observation through inaccurate
pointing via alterations in volcanic surface expression or
completely dropping legitimate triggers for not having an
existing target prepared in the database. However, the alterna-
tive approach had been tested, and the current approach is pre-
ferred—repeated triggering events had been generated in the
Reykjanes Peninsula and off the north coast of Iceland, none
of which would have been valuable observations to the VSW.
[86] As a preemptive measure before the next inevitable erup-

tion in Iceland, baseline images of areas likely to be inundated by
jökulhaups during a large eruption of Grímsvötn or Bárdabunga
were obtained by ALI and Hyperion in the summer of 2010.
[87] On 21 May 2011, shortly before 18:00 UT, a seismic

swarm was detected at Grímsvötn volcano. Within 20min of
the onset of seismic activity, the VSW had received an alert,
and the VSW requested an EO-1 observation. Unfortunately,
observations obtained by EO-1 over the next 2weeks
(24 and 25May 2011 and 4, 7, and 11 June 2011) were heavily
impacted with cloud, although partial images of Mýrdalsjökull
may prove useful for estimating ash coverage. This was a VEI
4 eruption, considerably larger than the one at Eyjafjallajökull a
year earlier (Institute of Earth Sciences, unpublished data).
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[88] As another example, on 5 September 2011 a cluster of
seismic events at Katla volcano generated another trigger that
resulted in an observation by EO-1. The following text shows
the form of the trigger (“accumulated value”) and the relevant
parameters and the information passed to the SEM, including

the source of the trigger, the event type, the target information,
the priority of the request, and the attributes of the trigger.
[89] This is the style of notifications that generally appear

a few times a week. In this case, the seismic network moni-
toring Katla volcano, Iceland, had measured seismic activity
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that exceeded the trigger threshold described above. This
triggered VSW notification, and the system automatically
inserted an EO-1 observation request that was accepted by
the planner. The observation was obtained on Wednesday,
7 September 2011 at 11:54 UT. No volcanic activity was
detected. The seismic activity was probably a flood-induced
tremor but demonstrated the usefulness of the system prior
to the next, inevitable eruption of an Icelandic volcano.
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